Although TWIK-related spinal cord K ϩ (TRESK) channel is expressed in all primary afferent neurons in trigeminal ganglia (TG) and dorsal root ganglia (DRG), whether TRESK activity regulates trigeminal pain processing is still not established. Dominant-negative TRESK mutations are associated with migraine but not with other types of pain in humans, suggesting that genetic TRESK dysfunction preferentially affects the generation of trigeminal pain, especially headache. Using TRESK global knock-out mice as a model system, we found that loss of TRESK in all TG neurons selectively increased the intrinsic excitability of small-diameter nociceptors, especially those that do not bind to isolectin B4 (IB4 Ϫ ). Similarly, loss of TRESK resulted in hyper-excitation of the small IB4 Ϫ dural afferent neurons but not those that bind to IB4 (IB4 ϩ ). Compared with wild-type littermates, both male and female TRESK knock-out mice exhibited more robust trigeminal nociceptive behaviors, including headache-related behaviors, whereas their body and visceral pain responses were normal. Interestingly, neither the total persistent outward current nor the intrinsic excitability was altered in adult TRESK knock-out DRG neurons, which may explain why genetic TRESK dysfunction is not associated with body and/or visceral pain in humans. We reveal for the first time that, among all primary afferent neurons, TG nociceptors are the most vulnerable to the genetic loss of TRESK. Our findings indicate that endogenous TRESK activity regulates trigeminal nociception, likely through controlling the intrinsic excitability of TG nociceptors. Importantly, we provide evidence that genetic loss of TRESK significantly increases the likelihood of developing headache.
Introduction
The TWIK-related spinal cord K ϩ (TRESK) channel belongs to the two-pore domain K ϩ (K 2P ) family of background K ϩ channels and is encoded by the KCNK18 gene (Sano et al., 2003; Kang et al., 2004; Enyedi and Czirják, 2015) . TRESK is abundantly expressed in primary afferent neurons (PANs) in trigeminal ganglia (TG) and dorsal root ganglia (DRG) but at a negligible level in other tissues, suggesting that its main physiologic function is to control somatosensation via regulating PAN excitability (Czirják et al., 2004; Dobler et al., 2007; Yoo et al., 2009; Lafrenière et al., 2010; Kollert et al., 2015) . Indeed, previous studies indicate that TRESK is one of the major background K ϩ channels in DRG neurons (Kang and Kim, 2006; Marsh et al., 2012) . It is well established that TRESK activity regulates the excitability of DRG neurons and controls the generation of body pain under both normal and disease conditions. Both nerve injury and tissue inflammation reduce the level of TRESK mRNA in rat DRG (Tulleuda et al., 2011; Marsh et al., 2012) . Inhibition of TRESK and other K 2P channels by sanshool robustly increases the firing of DRG mechanoreceptors (Bautista et al., 2008; Lennertz et al., 2010) . Reducing DRG TRESK activity elicits nocifensive behavior and increases mechanical sensitivity on the hindpaw (Tulleuda et al., 2011; Zhou et al., 2016) . Overexpression of TRESK in rat DRG neurons inhibits neuropeptide release and attenuates neuropathic pain (Zhou et al., 2012 (Zhou et al., , 2013 .
Much less is known about whether and how endogenous TRESK activity regulates trigeminal pain processing, especially the trigeminovascular pathway subserving headache. Dominant-negative TRESK mutations are associated with migraine but not with other types of pain in humans (Lafrenière et al., 2010) , suggesting that genetic TRESK dysfunction differentially affects the generation of trigeminal pain and body pain. However, a recent study suggests that TRESK mutations increase TG neuronal excitability not through reducing TRESK current per se, but though inhibiting other K 2P channels TREK1/2 by the product of alternative translation initiation from the mutant KCNK18 allele (Royal et al., 2019) . This calls into question the role of endogenous TRESK activity in controlling headache and other trigeminal pain. Many outstanding questions remain unanswered. Does endogenous TRESK activity regulate the intrinsic excitability of TG neurons, especially dural afferent neurons, the PANs in the trigeminovascular pathway? Does TRESK dysfunction enhance headache and other trigeminal nociception at the behavioral level? Can DRG neurons tolerate genetic TRESK dysfunction and maintain their intrinsic excitability, thereby exhibiting normal transduction of noxious stimuli that evoke body pain in adulthood?
In this study, we used the TRESK global knock-out (KO) mice as a model system to address these questions. We found that loss of TRESK in all TG neurons selectively increased the intrinsic excitability of small-diameter nociceptors, especially those that do not bind to isolectin B4 (IB4 Ϫ ). Notably, some small IB4 Ϫ TG neurons from KO mice exhibited spontaneous action potentials (sAPs) at resting membrane potential (V rest ), whereas sAP was not present in any of the wild-type (WT) TG neurons. Loss of TRESK also resulted in hyper-excitation of the small IB4 Ϫ dural afferent neurons but not those that bind to IB4 (IB4 ϩ ). In DRG neurons, neither the total persistent outward current nor the intrinsic excitability was affected by the genetic loss of TRESK. Together, we reveal for the first time that, among all primary afferent neurons, TG nociceptors are the most vulnerable to the genetic loss of TRESK. Compared with WT littermates, both male and female TRESK KO mice exhibited more robust trigeminal nociceptive behaviors, especially headache-related behaviors, but displayed normal responses in body pain and visceral pain models. This recapitulates the clinical presentations of human TRESK mutations. Collectively, our findings indicate that endogenous TRESK activity regulates trigeminal nociception, likely through controlling the intrinsic excitability and suppressing sAPs in TG nociceptors. Importantly, our results indicate that genetic loss of TRESK significantly increases the likelihood of developing headache.
Materials and Methods

Mice
All procedures were conducted in strict accordance with the recommendations in Society for Neuroscience's Policies on the Use of Animals and humans in Neuroscience Research and the guidelines of the Institutional Animal Care and Use Committee at Washington University in St. Louis. To avoid social isolation stress, all mice were group housed (2-5 per cage, same sex) in the animal facility of Washington University in St. Louis on a 12 h light/dark cycle with constant temperature (23-24°C), humidity (45-50%), and food and water ad libitum. All mice were maintained on C57BL/6J background (backcrossed for at least 10 generations). Adult male and female littermates (8 -20 weeks old) were used in the behavioral tests and immunohistochemistry (IHC) experiments. Young adult mice (5-7 weeks old) were used in the electrophysiology experiments. This is based on the preliminary results showing that the total and lamotrigine-sensitive outward currents as well as the intrinsic excitability of PANs remained stable between 5 and 10 weeks old WT mice, but the abundance of medium-sized neurons was lower in cultures from older mice.
WT and TRESK KO mice were generated by crossing heterozygous (HET) breeders (Kcnk18 tm1(KOMP)Vlcg , KOMP repository). We also crossed HET TRESK breeders with mice that express enhanced green fluorescent protein (EGFP) from one TRPM8 locus (TRPM8 EGFP ; Dhaka et al., 2008) and mice that contain a transgenic allele that expresses EGFP under the control of the genomic sequences that regulate the expression of endogenous vesicular glutamate transporter 3 (VGLUT3 EGFP ; Seal et al., 2009 ). The double-HET breeders were then crossed with TRESK heterozygotes to generate WT/KO_TRPM8 EGFP and WT/ KO_VGLUT3 EGFP mice, respectively. Genotypes were determined by PCR of tail DNA as described previously (Valenzuela et al., 2003; Dhaka et al., 2008; Seal et al., 2009 ). For TRESK allele genotyping, the WT allele was amplified with primers TUF (5=-GAGGAGAACCCTGAGTTGAAGAAG-3=) and TUR (5=-GCACCTCCGAGGCAGTAAC-3=), producing a 103 bp fragment. The targeted allele was amplified with primers NeoInF (5=-TTCGGCTATGACTGGGCACAACAG-3=) and NeoInR (5=-TACTTTCTCGGCAGGAGCAAGGTG-3=), producing a 282 bp fragment. The PCR conditions were 96°C for 30 s, 50°C for 30 s, and 72°C for 30 s for 40 cycles.
Primary culture of mouse TG and DRG neurons
TG and lumbar DRG (L3-L5) tissues were collected from 5 to 7 weeks old WT and TRESK KO mice of either sex and were treated with 2.5 mg/ml collagenase intravenously followed by 2.5 mg/ml trypsin at 37°C for 15 min, respectively. Cells were dissociated by triturating with fire-polished glass pipettes and were centrifuged through a 15% BSA gradient to remove debris and non-neuronal cells. Neurons were resuspended in MEM-based culture medium containing 5% fetal bovine serum, 25 ng/ml NGF, 10 ng/ml GDNF, and were seeded on Matrigel-coated coverslips. Electrophysiology recordings were performed in neurons 2-4 d in vitro (DIV). Each set of experiment contains neurons from at least three batches of culture.
Electrophysiology
Whole-cell patch-clamp recordings were performed at room temperature (RT) with a MultiClamp 700B amplifier (Molecular Devices). The recording chamber was perfused with Tyrode's solution (0.5 ml/min) containing the following (in mM): 130 NaCl, 2 KCl, 2 CaCl 2 , 2 MgCl 2 , 25 HEPES, 30 glucose, pH 7.3 with NaOH, and 310 mOsm/ kgH 2 O. The pipette solution contained the following (in mM): 130 K-gluconate, 7 KCl, 2 NaCl, 0.4 EGTA, 1 MgCl 2 , 4 ATP-Mg, 0.3 GTP-Na, 10 HEPES, 10 Tris-phosphocreatine, 10 U/ml creatine phosphokinase, pH 7.3 with KOH, and 290 mOsm/kgH 2 O. Recording pipettes had Ͻ4.5 M⍀ resistance. pClamp 10 (Molecular Devices) was used to acquire and analyze data. Cell capacitance and series resistance were constantly monitored throughout the recording. Data were analyzed with the Clampfit (Molecular Devices) and Origin (OriginLab) software.
Neurons were recorded between 2 and 4 DIV. Longer culture time did not alter the number or the thickness of the processes but significantly increased the length and the branches of individual processes. The processes of cultured neurons would contribute to the space-clamp error. We did not find significant differences in the size of persistent outward current or neuronal excitability between early (2 DIV) and late (4 DIV) recordings within individual experimental groups. Thus the space clamp issue was not exacerbated by the prolonged culture time.
Voltage-clamp experiments
Series resistance (Ͻ15 M⍀, average 12 Ϯ 1 M⍀) was compensated by 80%. Current traces were not leak subtracted. Signals were filtered at 2 kHz and digitized at 20 kHz. Total persistent outward K ϩ current and current through TRESK channels in neurons were recorded as described previously . Briefly, the extracellular solution contained 1 M tetrodotoxin (TTX) to block TTX-sensitive Na ϩ current. To minimize other transient voltage-gaged Na ϩ , K ϩ , and Ca 2ϩ currents, we held neurons at Ϫ60 mV and depolarized them to Ϫ25 mV for 150 ms, and then ramped the potential to Ϫ135 mV at 0.37 mV/ms every 10 s. The current at the end of the Ϫ25 mV depolarizing step was measured as the total persistent outward current. To further dissect K ϩ currents through TRESK channels, we bath-applied 30 M lamotrigine (Sigma-Aldrich) while evoking whole-cell currents using this pulse protocol .
Current-clamp experiments
Series resistance (Ͻ15 M⍀) was not compensated. Signals were filtered at 10 kHz and digitized at 100 kHz. After whole cell access was established, membrane capacitance was determined with amplifier circuitry. The amplifier was then switched to current-clamp mode to measure V rest . Input resistant (R in ) was calculated by measuring the membrane potential change in response to a 20 pA hyperpolarizing current injection from V rest . Neurons were excluded from analysis if the V rest was ϾϪ40 mV or R in was Ͻ200 M⍀.
To test neuronal excitability, neurons at V rest were injected with 1 s depolarizing currents in 5 or 25 pA incremental steps. The rheobase was defined as the minimum amount of current required to elicit at least one action potential (AP). The first AP elicited using this paradigm was used to measure AP threshold (the membrane potential at which dV/dt exceeds 10 V/s), amplitude, and half-width. The afterhyperpolarization (AHP) amplitude was measured from the single AP elicited by injecting a 1 ms depolarizing current in 200 pA incremental steps from the V rest .
Differential interference contrast images of neurons were captured before the recording to calculate soma diameters from cross-sectional areas off-line. At the end of electrophysiological recording, neurons were incubated with 3 g/ml Fluorescein isothiocyanate (FITC)-conjugated IB4 (Sigma-Aldrich) for 5 min. The FITC fluorescence on soma membrane was detected after 10 min perfusion with Tyrode's solution to wash off unbound IB4. The recording pipette remained attached to the neurons during IB4 staining and washing. The V rest , R in , capacitance, series resistance, and leak currents were not significantly altered during the process.
Tissue preparation, IHC, and image analysis
Adult WT and TRESK KO mice were euthanized with intraperitoneal injection of barbiturate (200 mg/kg) and were transcardially perfused with 0.1 M PBS, pH 7.2, followed by 4% formaldehyde in 0.1 M PB, pH 7.2, for fixation. TGs and DRGs were dissected out, postfixed for 4 h, and protected overnight at 4°C in 0.1 M PB with 30% sucrose. The entire TG or DRG was then frozen in optimal cutting temperature compound, sectioned at 15 m in the transverse plane using a cryostat, collected on Superfrost Plus glass slides in sequence and stored at Ϫ20°C.
One in every three TG or DRG sections was processed for each IHC experiment. The sections were dried at RT, washed three times in 0.01 M PBS, and incubated in blocking buffer consisting 0.01 M PBS, 10% NGS, and 0.3% triton X-100 for 1 h at RT. Sections were then incubated overnight with primary antibodies diluted in blocking buffer in a humidity chamber at 4°C. After six washes (5 min each) in washing buffer containing 0.01 M PBS with 1% NGS and 0.3% triton and 1 h incubation in blocking buffer, sections were incubated with secondary antibodies (1:1000 dilution in blocking buffer) at RT for 1 h, washed six times with washing buffer and rinsed three times in 0.01 M PBS. Sections were then coverslipped using Fluoromount-G Slide Mounting Medium (Electron Microscopy), sealed with nail polish, and stored at 4°C.
Sections were costained with the rabbit anti-␤III tubulin antibody (Covance; 1:1000) and the chicken anti-TRESK antibody (1:1000; generated in-house as described by Liu et al., 2013) recognizing the first extracellular loop of the mouse TRESK subunit. AlexaFluor 568-conjugated goat anti-rabbit and AlexaFluor 488-conjugated goat antichicken secondary antibodies (Invitrogen) were used at 1:1000 dilutions. To count total TG neurons, images of the entire TG sections containing ␤III tubulin-IR were captured using an Olympus NanoZoomer Whole-Slide Imaging System. All neurons on individual sections were counted and the total number of ␤III tubulin-positive neurons was multiplied by 3 to obtain the total number of TG neurons for each mouse (Golden et al., 2010) . Representative images were adjusted for contrast and brightness using the same parameter within individual experiments. No other manipulations were made to the images.
To quantify macrophages in adult WT and KO TG, sections were stained with a rabbit antibody recognizing ionized calcium binding adaptor molecule 1 (Iba1, Wako; 1:1000) and the AlexaFluor 568-conjugated goat antirabbit secondary antibody (Invitrogen; 1:1000). Nonoverlapping images of the TG sections were randomly captured through a 20ϫ objective on a Nikon TE2000S inverted epifluorescence microscope equipped with a CoolSnapHQ2 camera (Photometrics). The number and the cross-sectional area of Iba1-positive (Iba1 ϩ ) macrophages were measured using the SimplePCI software (Hamamatsu).
Retrograde labeling of TG neurons innervating the dura
We used FluoroGold (FG; 2% in saline; Fluorochrome) to label the dural afferent neurons in 6-weeks old WT and TRESK KO mice as described in a previous study (Huang et al., 2012) . Briefly, mice were anesthetized with 3-4% isoflurane in an induction chamber until losing the righting reflex and were mounted on a Stoelting stereotaxic apparatus. Anesthesia was maintained by 1.5-2% isoflurane through a nose cone. Body temperature was maintained by placing mice on a 37°C circulating water-warming pad. The eyes were covered by a small amount of eye drops to prevent the corneas from drying. A longitudinal skin incision was made to expose the cranium. The muscle and periosteal sheath were removed. Lidocaine hydrochloride jelly (2%) was applied on the skin and the skull for 5 min before the incision and the muscle/sheath removal to prevent the activation and/or sensitization of the primary afferent fibers. A craniectomy (ϳ2.5 mm diameter) was made with a surgical blade in the area overlying the superior sagittal sinus between the bregma and lambda, leaving the underlying dura exposed but intact. To prevent spreading of the tracer to other peripheral sites, a sterile polypropylene ring was sealed to the skull surrounding the exposed dura using a mixture of dental cement powder (Stoelting, 51459) and superglue adhesive. After waiting 5-10 min for the mixture to solidify, we applied 20 l of FG onto the exposed dura. Subsequently, a sterile polypropylene cap was secured over the ring with the dental cement/superglue mix to cover the exposed dura. The skin incision was closed with 5-0 suture. After recovery from anesthesia, mice were housed individually in the animal facility to allow the transportation of FG to the somata of dural afferent neurons in TG. TG tissues were collected 7 d after dural application of FG for primary culture and electrophysiology recording. To measure the soma size distribution of dural afferent neurons, TG tissues were collected after the transcardial perfusion fixation.
Behavioral tests
WT and TRESK KO mice were generated by crossing heterozygous breeders on C57BL/6J background. Adult male and female littermates (8 -20 weeks old) were used in the behavioral tests. The experimenters were blinded to the genotype of mice.
General motor function tests
Open field test. Mice were habituated in the testing room for 1 h in their home cages and then tested one at a time. Each mouse was placed in the center of the illuminated, sound-attenuated VersaMax Open Field box (42 ϫ42 cm; AccuScan Instruments) for 1 h while the experimenter left the room. Horizontal movement and center entries (14 ϫ 14 cm) were recorded and analyzed by the VersaMax software.
Rotarod test. Mice were habituated in the testing room for 1 h in their home cages and then underwent 5 training sessions on the Rotarod (Ugo Basile, model 7650) at 4 rpm for 5 min. Mice that stayed on the rod for at least 2 min/session were tested on the accelerating rod (4 -40 rpm over 5.5 min). The latency to fall from the rod was averaged over five trials in individual mice.
Responses to noxious stimuli on the hindpaw. Each mouse was acclimatized in the test apparatus for 1-2 h before the application of stimuli.
Mechanical stimuli. A series of calibrated von Frey filaments was used to apply mechanical stimuli to the plantar surface of the hindpaw. We used the up-down paradigm to determine the 50% withdrawal threshold (Chaplan et al., 1994) .
Thermal and cold stimuli. We recorded the latency to lick the hindpaw and/or to jump on a 55°C hot plate. The cutoff time was 20 s. We also measured the paw withdrawal latencies to radiant heat stimuli applied to the plantar surface of the hindpaw (Hargreaves et al., 1988) . The cold plantar assay was used to compare the response latencies of WT and TRESK KO mice to cold stimuli on the plantar surface of the hindpaw (Brenner et al., 2012) .
Chemical stimuli. Mice were injected with 0.3 g of capsaicin (in 10 l saline with 1% DMSO) in the plantar surface of one hindpaw. We quantified the time spent licking the treated paw within 5 min after the injection.
Visceral pain test. We counted the number of abdominal stretches that occurred within 30 min after intraperitoneal injection of 5.0 ml/kg 0.6% acetic acid, a stimulus that produces visceral pain with inflammation (Cao et al., 1998) .
Responses to facial noxious stimuli
Eye-blink responses to thermal stimuli. Mice were well habituated to the test apparatus and extensively handled by the experimenter for a week before testing. On the test day, the experimenter gently held the mouse on the palm and delivered the thermal stimulus by blowing air to one eye at 0.5 L/min for 10 s (Huang et al., 2018) . The number of eye blinks was recorded by a video camera and quantified off-line. The distance between the air outlet (6.35 mm diameter) and the eye was 2-3 mm. The air was heated to various temperatures (20 -55°C) by passing through plastic tubing submerged in heated water bath. The air temperature was measured by a thermal probe at the outlet. Mice were tested every 3 d. Each eye was tested twice per day, first with RT air and 1-2 h later with air at a higher temperature. Results from left and right eyes were averaged for individual mice.
Cheek acetone test. We measured the acute nocifensive responses to acetone-evoked evaporative cooling on mouse cheek (Constandil et al., 2012; Trevisan et al., 2016) . Mice were habituated individually in clear Plexiglas boxes (11 ϫ 11 ϫ 15 cm) situated in front of three angled mirrors for at least 1 h for 3 consecutive days and were extensively handled by the experimenter. The day before testing, both cheeks were shaved (6.5 ϫ 12 mm) under brief anesthesia (2% isoflurane in 100% oxygen). On the test day, mice were habituated for 1 h before the assay. We applied acetone (15 l) to the shaved cheeks and immediately returned mice to the boxes. Time spent wiping the treated area was recorded by a video camera and quantified off-line. For individual mice, acetone was applied alternatingly to both cheeks at Ͼ10 min interval, and the duration of behavior was averaged from four applications.
Cheek capsaicin injection. Mice were acclimated and shaved as in the facial acetone test. On the test day, we habituated mice in the clean boxes for 1 h and then injected 1 g of capsaicin (in 20 l saline with 1% DMSO) or vehicle intradermally in one cheek (Shimada and LaMotte, 2008; Akiyama et al., 2010) . Mice were immediately returned to the boxes and recorded by video cameras for 40 min. Total numbers of forepaw wiping of the injected cheek were quantified off-line.
Operant behavioral responses to thermal stimuli. Responses to facial thermal stimuli were tested in the Orofacial Pain Assessment Device (OPAD; Stoelting), which uses a reward-conflict paradigm that allows a mouse to choose between receiving a reward (sweetened condensed milk diluted 1:2 with water) and escaping an aversive stimulus (50°C thermal stimuli on the cheeks), thereby controlling the amount of pain it feels. First, mice underwent four training sessions in 2 weeks. The day before each session, mice were food deprived for 16 h and both cheeks were shaved. The next day, individual mice were trained in the OPAD for 20 min to learn to voluntarily press the cheeks onto the Peltier bars set at 33˚C to drink sweetened milk (Anderson et al., 2013) . Mice that consistently licked Ͼ600 times/per session were used to test facial thermal responses. Trained mice underwent two test sessions 3 d apart. During each test session, the thermode temperature varied every 3 min as follows: 33-50 -33-50 -33°C. The number of licks and the number of thermode contacts at each temperature were recorded and averaged in individual mice.
Withdrawal responses to facial mechanical stimuli. Mice were well habituated to the test room and extensively handled by the experimenter for at least 2 weeks before testing. The hair on the forehead (above and between 2 eyes) was shaved the day before testing. On the test day, the experimenter gently held the mouse on the palm with minimal restraint and applied the calibrated von Frey filament perpendicularly to the shaved skin, causing the filament to bend for 5 s. A positive response was determined by the following criteria as previously described: mouse vigorously stroked its face with the forepaw, head withdrawal from the stimulus, or head shaking (Elliott et al., 2012) . We used the up-down paradigm to determine the 50% withdrawal threshold (Chaplan et al., 1994) .
Mouse model of headache. Craniectomy was performed on 9-to 15-week-old WT and TRESK KO mice as described in a previous study (Huang et al., 2016) and in the section of retrogradely labeling of dural afferent neurons above. We applied 20 l of sterile saline to the dura and let mice recover from surgery for 7 d. Mice were housed individually in the animal facility and were transported to the testing room for acclimation and handling every day. On the test day, mice in their home cages were habituated in the testing room for 1 h and were briefly anesthetized with isoflurane. The polypropylene cap was removed without disturbing the skin suture and 20 l of vehicle (saline with 2% DMSO) or IScap solution was applied onto the exposed dura. The composition of IScap solution was detailed at the end of the section. Subsequently, a new sterile polypropylene cap was secured over the ring with bone wax to cover the dura. After recovery from anesthesia, mice were returned to the home cages placed in front of a three-way mirror to ensure that the head-directed behavior be recorded at all body positions. Home cage behaviors were recorded 0.5-2.5 h after the dural application. Mice were recorded one at a time in the absence of the experimenter and other mice. Digital video files were quantified off-line by experimenters blinded to the genotypes of mice or the treatments that mice received. The entire 2 h video was watched and scored. The total number and the duration of forepaw wiping and hindpaw scratching within the mouse V 1 dermatome (including the scalp and periorbital area) were quantified.
IScap was not washed away from the dura once applied, because we intended to simulate the prolonged activation/sensitization of dural afferent neurons during migraine headache. In a pilot experiment, we found that there was no increase in V1-directed nocifensive behavior if we removed the dura in WT mice and directly applied IScap to the cortex, indicating that IScap-induced behavior likely resulted from the activation of meningeal nociceptors, not the leaking of IScap below the dura (data not shown). In another pilot experiment, we applied the dye fast green (MW 808 Da) to the dura surface for 2 h and examined the spread of fast green. There was no detectable fast green signal in the superior sagittal sinus or the cortex (data not shown). The average diameter of the FG-stained area on the dura was 8.6 Ϯ 0.5 mm (Huang et al., 2016) . Neither WT nor TRESK KO mice receiving IScap displayed increased grooming behaviors in V2/V3 areas (data not shown). We did not quantify grooming behavior on the body. We did not observe nocifensive behaviors such as paw gnawing in any mice receiving IScap or vehicle.
The IScap solution contained the following (in mM): 0.5 capsaicin, 1 bradykinin, 1 histamine, 1 serotonin, and 0.1 prostaglandin E2 (PGE 2 ) in saline with 2% DMSO. All chemicals were purchased from Sigma-Aldrich, dissolved in H 2 O (bradykinin, histamine, and serotonin) or DMSO (capsaicin and PGE 2 ) at 100ϫ concentrations and stored at Ϫ80°C in aliquots. IScap solution was freshly prepared from the stock solutions on the test day.
Experimental design and statistical analysis
WT, HET, and KO littermates were used and were tested in parallel in individual experiments. For electrophysiology experiments, data from each group contained neurons from at least three independent cultures. Each culture included at least two mice in each group. For behavioral experiments, power analysis is conducted to estimate sample size with Ͼ80% power to reach a significance level of 0.05. The experimenters were blinded to the genotype of mice. For IHC experiments, sample sizes were estimated based on our prior experience.
All data are reported as mean Ϯ SEM. The Shapiro-Wilk test was used to check data normality. Statistical significance between experimental groups was assessed by Fisher's exact test, 2 test, two-tailed t test, ANOVA [oneway or two-way, with or without repeated-measures (RM)] with the post hoc Bonferroni test where appropriate, using Origin and Statistica (from OriginLab and StatSoft, respectively). The non-parametric Kruskal-Wallis ANOVA on ranks with Tukey's post hoc pairwise comparison was used to analyze the differences in the withdrawal threshold to mechanical stimuli. Differences with p Ͻ 0.05 were considered statistically significant. The statistical analysis for individual experiments was described in figure legends. All data generated or analyzed in this study will be deposited to the Digital Research Materials Repository of Washington University in St. Louis and are available on reasonable request.
Results
TRESK protein is ubiquitously expressed in mouse PANs
TRESK KO mice ( Fig. 1A) were grossly normal. Progenies from HET crossing had the expected Mendelian frequency. Both male and female KO mice gained weight normally and were fertile, with normal litter size and maternal behavior. First, we examined the distribution of TRESK protein in TG and DRG tissues. We stained TG and DRG sections from adult WT and KO mice with an antibody that recognizes mouse TRESK protein (Liu et al., 2013; . TRESK-IR was completely absent in tissues from KO mice (Fig. 1B) , validating the specificity of the antibody. In TG and DRG sections from WT mice, we used an ␤III tubulin antibody to label all neurons (Golden et al., 2010) and found that TRESK-IR overlapped with ␤III tubulin signal in almost all neurons (Fig. 1B) , indicating that TRESK protein is ubiquitously expressed in mouse PANs but not in non-neuronal cells. This is consistent with the in situ hybridization and immunohistochemistry results in previous studies (Dobler et al., 2007; Yoo et al., 2009; Lafrenière et al., 2010; Kollert et al., 2015) .
Next, we asked whether loss of TRESK affects the gross development of TG in mice. The total number of TG neurons containing ␤III tubulin-IR did not differ between adult WT and TRESK KO mice (Fig. 1C) , suggesting that TRESK is not required for the survival of PANs. The abundance of TG neurons that binds to IB4 was also comparable between cultured TG neurons from adult WT and KO mice (Fig. 1D) . We then focused on investigating how loss of TRESK affects the functions of PANs and the behavioral responses to noxious stimuli.
Loss of TRESK in TG neurons selectively increases the excitability of small-diameter nociceptors
In previous studies, we used the sensitivity to lamotrigine to dissect currents through TRESK channels (Liu et al., 2013; . Bath application of 30 M lamotrigine blocked 20 -30% of persistent outward currents in every adult WT TG neurons that we recorded, regardless of soma size ( Fig. 2A-D,F) . The same concentration of lamotrigine did not significantly reduce the outward currents in TG neurons from TRESK KO mice (Fig. 2B-D lamotrigine-and Tyrode's-treated KO neurons), indicating that the majority of lamotrigine-sensitive current in TG neurons are mediated through TRESK channels under our recording conditions. The size of total persistent outward current was also significantly reduced in KO TG neurons (Fig. 2E,G) . TG neurons from HET mice showed intermediate levels of lamotrigine-sensitive TRESK current and total persistent outward current ( Fig. 2C-E) .
We proceeded to investigate how loss of TRESK affects TG neuronal excitability. The mean V rest was comparable between adult WT, HET and TRESK KO TG neurons (Table 1) , consistent with previous studies suggesting that endogenous TRESK activity does not regulate V rest in PANs (Dobler et al., 2007; Liu et al., 2013; . To test how ubiquitous loss of TRESK current affects the excitability of TG neurons, we divided TG neurons into three subpopulations and used currentclamp recording to compare the passive and active electrophysiological properties of WT, HET, and TRESK KO neurons within each group. Neurons were first sorted by soma diameter into small-(Ͻ25 m) and medium-sized (25-40 m) groups. The majority of small TG neurons are nociceptors (Harper and Lawson, 1985a,b) , with a small subset representing the C-low threshold mechanoreceptors (C-LTMRs) that transmit innocuous touch sensation (Lawson et al., 1997; Seal et al., 2009) . Most of the medium-sized TG neurons are low-threshold mechanoreceptors with myelinated A␤ fibers (Goldstein et al., 1991; Perry et al., 1991; Bae et al., 2015) . Small TG neurons were further divided into IB4 ϩ and IB4 Ϫ groups, based on their ability to bind to fluorescently labeled IB4. It is well established that the small IB4 ϩ and IB4 Ϫ PANs exhibit distinct neurochemical, anatomic, and electrophysiological properties and encode different pain modalities (Snider and McMahon, 1998; Stucky and Lewin, 1999; Fang et al., 2006; Choi et al., 2007; Cavanaugh et al., 2009; Scherrer et al., 2009 ). Indeed, both the rheobase ϩ currents (D) and the total persistent outward current density (E) in small-diameter TG neurons (n ϭ 14 -20 neurons in each group, all measured at the end of the step to Ϫ25 mV). ‫ء‬p Ͻ 0.05, ‫‪p‬ءء‬ Ͻ 0.01, ‫‪p‬ءءء‬ Ͻ 0.001; one-way ANOVA with post hoc Bonferroni test compared with the WT group; ###p Ͻ 0.001; compared with the HET group. NS, No statistically significant difference. F, G, The percentage of lamotrigine-sensitive persistent K ϩ currents (F) and the total persistent K ϩ current density (G) in medium-sized TG neurons from WT and KO mice (n ϭ 15 and 21 neurons, respectively). ‫ء‬p Ͻ 0.05, ‫‪p‬ءءء‬ Ͻ 0.001; two-tailed t test.
value and the spike frequency were significantly different between small IB4 Ϫ , small IB4 ϩ , and medium-sized TG neurons from WT mice (Fig. 3A,G,H) .
First, we investigated whether loss of TRESK affects the excitability of small IB4 Ϫ TG neurons, as the majority of these neurons express CGRP, the neuropeptide that plays an important role in migraine pathophysiology (Price and Flores, 2007; Tao et al., 2012; Edvinsson and Goadsby, 2019) . Compared with WT neurons, small IB4 Ϫ TG neurons from KO mice exhibited a significantly higher R in and consequently a Ͼ50% reduction of rheobase for AP generation (Fig. 3A-C) . The values of AP threshold, amplitude, half-width, and AHP amplitude were not affected by the loss of TRESK ( Table 1) , suggesting that TRESK current plays a negligible role in shaping the AP waveforms.
In both WT and KO small IB4 Ϫ TG neurons, the number of APs initially increased almost linearly in response to incremental depolarizing current injection and plateaued on further depolarization (Fig. 3D) . The slope of the inputoutput curve between 25 and 125 pA current injections was significantly steeper in the KO group (Fig. 3D, inset) , and the same amount of depolarizing current evoked more APs in KO neurons than in WT (Fig. 3D) . We conclude that the endogenous TRESK currents control the onset and the frequency of APs in small IB4 Ϫ TG neurons. Next, we compared the excitability of small IB4 ϩ TG neurons from WT and KO mice. Loss of TRESK also resulted in higher R in and lower rheobase in this TG subgroup (Fig. 3A-C) . In WT TG culture, the input/output curve of IB4 ϩ neurons was much flatter than that of small IB4 Ϫ neurons (Fig. 3H) . Loss of TRESK did not significantly increase the spike frequency in small IB4 ϩ TG neurons (Fig. 3E) , indicating that the endogenous TRESK activity regulates AP initiation but not AP frequency in this TG subpopulation.
Among the three subtypes of WT TG neurons, the medium-sized neurons had the lowest R in , highest rheobase and the majority of them generated a single spike in response to both threshold and suprathreshold current injections (Fig. 3B,C ,G,H; Ratté et al., 2014) . Surprisingly, loss of TRESK did not alter R in , rheobase or spike frequency in medium-sized TG neurons at all (Fig. 3A-C,F) , despite the significant reduction of total persistent outward current at Ϫ25 mV (Fig. 2F) . We found that injection of depolarizing currents induced similar membrane potential changes between -60 mV and Ϫ35 mV in WT and KO medium-sized TG neurons (Fig. 3I) , suggesting that there is little endogenous TRESK activity around V rest to oppose the membrane depolarization in WT medium-sized TG neurons. Indeed, using data from medium-sized TG neurons in Figure 2 , we found that the mean density of lamotrigine-sensitive currents in WT neurons at -40 mV was only 1.70 Ϯ 0.26 pA/pF. At this voltage, the density of total persistent outward current in WT and KO mediumsized neurons were not statistically different (10.8 Ϯ 1.5 pA/pF and 8.0 Ϯ 1.6 pA/pF, respectively, p ϭ 0.23, twotailed t test).
Of all the WT TG neurons we recorded (n ϭ 214), none showed sAP at V rest . On the contrary, 11 TRESK KO TG neurons exhibited sAPs at V rest (Fig. 4A) , all of which belonged to the small IB4 Ϫ subpopulation. This accounted for 5.6% (11 of 197) of the total KO TG neurons and 9.8% (11 of 112) of KO small IB4 Ϫ TG neurons that we recorded (Fig. 4B) ; again indicating that loss of TRESK preferentially increases the intrinsic excitability of small IB4 Ϫ TG neurons. Compared with WT small IB4 Ϫ TG neurons, KO neurons with sAPs had a similar V rest (Ϫ48 Ϯ 2 vs Ϫ51 Ϯ 1 mV) but a considerably lower AP threshold (Fig. 4C) , suggesting that TRESK activity may prevent sAPs through delaying the activation of voltage-gated Na ϩ channels. We also compared the incidence of depolarizing spontaneous fluctuation (DSF; Odem et al., 2018) in 16 WT and 21 KO small IB4 Ϫ TG neurons that had longer than 3 min gap-free current clamp recordings at V rest . In the WT group, 44% (7 of 16) neurons exhibited DSFs and none led to sAP. In the KO group, 38% of neurons either had DSFs without sAP (14%, 3 of 21) or had DSF with sAPs (24%, 5 of 21). The incidence of DSF was comparable between the KO and WT groups (p ϭ 0.7, Fisher's exact test). The amplitude of DSFs was also similar between WT and KO neurons (1.5-5 mV). Interestingly, in the five KO neurons with sAPs, every DSF was followed by a sAP (Fig. 4A) , suggesting that endogenous TRESK activity plays crucial role in counterbalancing DSF and prevent sAPs in these neurons.
We also tested whether TG neuronal excitability was altered in TRESK HET mice. Despite the reduction of both TRESK and total persistent outward currents (Fig. 2B-D) , neither small IB4 Ϫ nor IB4 ϩ TG neurons from HET mice 
Figure 3. Ubiquitous loss of TRESK currents preferentially increases the excitability of small IB4
؊ TG neurons. A, Representative traces of APs generated by incremental depolarizing current injections in TG neurons from WT and TRESK KO mice. The values of V rest and the current amplitude are indicated. B, C, Mean rheobase (B; the minimum amount of current required to elicit at least 1 AP) and R in (C) of subpopulations of TG neurons from TRESK WT, HET, and KO mice (n ϭ 14 -28 neurons in each group; for details of the intrinsic properties of TG neurons, see Table 1 ). ‫ء‬p Ͻ 0.05, ‫‪p‬ءء‬ Ͻ 0.01; one-way ANOVA with post hoc Bonferroni test compared with the corresponding WT group; #p Ͻ 0.05, ##p Ͻ 0.01; compared with the corresponding HET group. D-F, Input/output plots of the spike frequency in response to incremental depolarizing current injections in small IB4 Ϫ (D), small IB4 ϩ (E) and medium-sized (F) TG neurons from TRESK WT, HET, and KO mice (same neurons as in B).
& p Ͻ 0.05; two-way RM ANOVA; TRESK KO neurons versus WT and HET groups. ‫‪p‬ءء‬ Ͻ 0.01, ‫‪p‬ءءء‬ Ͻ 0.001; one-way ANOVA with post hoc Bonferroni test compared with the corresponding WT group; ##p Ͻ 0.01; compared with the corresponding HET group. Inset, The slope (spikes/sec/nA) of the input/output relationships between 25 and 125 pA current injections. ‫ء‬p Ͻ 0.05, #p Ͻ 0.05; one-way ANOVA with post hoc Bonferroni test compared with the WT and HET groups, respectively. G, Mean rheobase of small IB4 Ϫ , small IB4 ϩ , and medium-sized TG neurons from WT mice (same neurons as in B, WT groups). ‫ء‬p Ͻ 0.05, ‫‪p‬ءء‬ Ͻ 0.01, ‫‪p‬ءءء‬ Ͻ 0.001; one-way ANOVA with post hoc Bonferroni test. H, Input/output plots of the spike frequency in response to incremental depolarizing current injections in subpopulations of WT TG neurons (same WT neurons as in B WT groups). ‫ء‬p Ͻ 0.05, ‫‪p‬ءء‬ Ͻ 0.01, ‫‪p‬ءءء‬ Ͻ 0.001; two-way RM ANOVA. I, The exhibited any changes of the measured passive and active electrophysiological properties ( Fig. 3B-E ; Table 1 ). This is consistent with our previous finding that only a substantial reduction of the endogenous TRESK activity results in hyper-excitation of TG neurons; and a moderate decrease of TRESK current is well tolerated .
In a control experiment, we confirmed that 73% (459 of 626 neurons from 3 WT mice) of small IB4 Ϫ TG neurons in our culture contained CGRP-IR, indicating that the results obtained from small IB4 Ϫ TG neurons largely reflected changes consistent with how loss of TRESK affects the excitability of CGRP-expressing neurons within this subpopulation. However, the small IB4 Ϫ TG subpopulation also consists of neurons that express the cold sensor TRPM8 channels and C-LTMRs that express VGLUT3, respectively (Le Pichon and Chesler, 2014; Usoskin et al., 2015) . These neurons were likely under-sampled when we recorded from small IB4 Ϫ TG neurons, because they each accounted for Ͻ20% of small IB4 Ϫ TG neurons. To identify these neurons in TG culture, we generated WT_TRPM8 EGFP and KO_TRPM8 EGFP mice that exhibit EGFP signal in TRPM8-expressing neurons (Dhaka et al., 2008) . Indeed, only 11% (268 of 2365 neurons from 5 mice) of small IB4 Ϫ TG neurons were EGFP-positive (EGFP ϩ ) in cultures from WT_TRPM8 EGFP mice. Compared with their WT counterparts, the EGFP ϩ , TRPM8-expressing TG neurons from TRESK KO mice showed a 70% reduction of rheobase and a much higher spike frequency in response to suprathreshold current injection (Fig. 5A-C) . In WT EGFP ϩ neurons, the spike frequency plateaued in response to depolarizing current injections between 150 pA and 250 pA, whereas the spike frequency in KO EGFP ϩ neurons continued to increase at this range (Fig. 5C ). We also generated WT_VGLUT3 EGFP and KO_VGLUT3 EGFP mice that exhibit EGFP fluorescence in VGLUT3-expressing neurons (Seal et al., 2009 ). Loss of continued plot of steady-state membrane potential versus injected current in medium-sized TG neurons from WT and KO mice (same neurons as in B, medium-sized groups). TRESK had no effect on the excitability of EGFP ϩ , VGLUT3-expressing C-LTMRs (Fig. 5D,E) . Collectively, these results indicate that loss of TRESK in all TG neurons preferentially increases the intrinsic excitability of small IB4 Ϫ TG nociceptors expressing TRPM8 and likely those that express CGRP.
Loss of TRESK enhances trigeminal nociception across multiple modalities in mice
We went on to investigate how TRESK KO mice respond to noxious stimuli on the face. TRESK KO mice were grossly normal. Both male and female KO mice gained weight normally. The performance of WT and KO We used an operant assay to assess the responses to noxious heat stimuli on the mouse facial skin. Mice needed to press their cheeks onto the Peltier bars set at various temperatures in the OPAD to lick the sweetened milk (the reward). In WT mice of either sex, both the total number of reward licking and the number of licks per facial contact (the L/F ratio) were greatly reduced when the bar temperature was increased from 33°C to 50°C (Fig. 7A,B, black bars) . TRESK KO mice responded similarly to WT mice at 33°C (Fig. 7A,B , red bars), indicating that they were not impaired in learning and performing the operant assay. However, the total number of licks and the L/F ratio at 50°C were significantly lower in both male and female KO mice relative to WT controls (Fig. 7A,B) , indicating that loss of TRESK increases the sensitivity and/or reduces the tolerance to noxious heat stimuli on facial skin. Interestingly, in female but not male TRESK KO mice, the number hot air (55°C) -evoked eye blinks was significantly higher than WT controls (Fig. 7C) .
To test cold sensitivity, we reduced the facial skin temperature by applying acetone to the mouse cheek. The duration of wiping the treated area was significantly prolonged in KO mice than in WT controls (Fig. 7D) , indicating a hyper-responsiveness to acetone evaporation-induced cooling. To measure facial responses to chemical stimuli, we injected capsaicin intradermally into the mouse cheek and found that the number of cheek wiping was significantly increased in both male and female KO mice compared with WT controls (Fig. 7E) . Regarding facial mechanical sensitivity, we measured the threshold for evoking a withdrawal reflex to the application of von Frey filaments on mouse forehead skin. The 50% withdrawal threshold of TRESK KO mice was significantly lower than that of WT mice (Fig. 7F) . Notably, the withdrawal threshold of female KO mice was even lower than that of male KO, although WT mice did not show sex difference in mechanical thresholds (p ϭ 0.32, Fig.  7F ). Together, these results indicate that endogenous TRESK activity inhibits the transmission and production of facial pain evoked by thermal, cold, chemical, and punctate mechanical stimuli.
TRESK KO mice are hyper-responsive to stimuli that generate headache-related behaviors
Does genetic loss of TRESK affect the excitability of dural afferent neurons, the primary sensory neurons in the trigeminovascular pathway subserving headache? To address this question, we used FG to retrogradely label dural afferent neurons in adult mice. The size distribution of FG-labeled (FG ϩ ) dural afferent neurons was similar between WT and TRESK KO mice (Fig. 8I) . The small IB4 Ϫ dural afferent neurons from KO mice exhibited a significantly higher R in and a Ͼ50% reduction of rheobase compared with their WT counterparts (Fig. 8A-C) . The number of APs evoked by depolarizing current injections was significantly increased in this subpopulation of KO dural afferent neurons relative to WT controls (Fig. 8D) . On the contrary, the rheobase, R in and spike frequency were similar in small IB4 ϩ dural afferent neurons from WT and KO mice (Fig. 8A-C,E) . The values of V rest , AP threshold, amplitude, half-width, and AHP amplitude were all comparable between WT and KO FG ϩ neurons (Table 2) . We conclude that loss of TRESK activity selectively increases the intrinsic excitability of small IB4 Ϫ dural afferent neurons.
In a mouse model of familial hemiplegic migraine type 1, the number of macrophages was significantly increased in TG, which may contribute to the headache pathophysiology (Franceschini et al., 2013) . We stained adult WT and TRESK KO TG sections with an antibody recognizing Iba1, a macrophage marker. Both the density and the cross-sectional area of Iba1 ϩ cells were similar between WT and KO TG (Fig. 8F-H) , suggesting that loss of TRESK does not significantly affect resident macrophages in TG.
Next, we investigated whether endogenous TRESK activity regulates the generation of headache-related behaviors in mice (Huang et al., 2016) . After recovery from craniectomy for 7 d, both WT and TRESK KO mice exhibited some spontaneous forepaw wiping and hindpaw scratching behavior within the trigeminal V1 dermatome during a 2 h observation period in the home cage (Fig.  9A-D, baseline groups) . Dural application of 20 l vehicle did not increase V1-directed behavior above the basal A, Average number of reward licks with cheeks pressing the Peltier bars set at 33°C or 50°C during a 3 min testing period in the OPAD assay (n ϭ 7-11 mice in each group). ‫ء‬p Ͻ 0.05; two-tailed t test between the corresponding WT and KO groups. B, Average L/F ratio (the number of reward licks per cheek contact) during a 3 min testing period in the OPAD assay (same mice as in A). C, The number of eye blinks evoked by blowing air at various temperatures to the eye for 10 s (n ϭ 6 -8 mice in each group). ‫ء‬p Ͻ 0.05; two-tailed t test between the corresponding WT and KO groups. ##p Ͻ 0.01, ###p Ͻ 0.001; one-way RM ANOVA with post hoc Bonferroni test compared with the corresponding RT groups. D, Time spent wiping the treated area after application of 15 l acetone to the cheek (n ϭ 10 -12 mice in each group). Baseline activity was recorded for 1 min in individual mice before acetone application. ‫ء‬p Ͻ 0.05; two-tailed t test between the corresponding WT and KO groups. E, The number of forepaw wiping of the treated area after intradermal injection of 20 l vehicle (saline with 1% DMSO) or capsaicin (1 g in 20 l vehicle) to the cheek (n ϭ 7-13 mice in each group). ‫ء‬p Ͻ 0.05; two-tailed t test between the corresponding WT and KO groups. F, The 50% withdrawal thresholds to punctate mechanical stimuli on forehead skin (n ϭ 6 -8 mice in each group). Kruskal-Wallis ANOVA on ranks with Tukey's post hoc pairwise comparison: ‫ء‬p Ͻ 0.05, ‫‪p‬ءء‬ Ͻ 0.01; between the corresponding WT and KO groups; ##p Ͻ 0.01, between male and female KO groups. ϩ dural afferent neurons from WT and KO mice (n ϭ 13-20 neurons in each group; for details of the intrinsic properties of dural afferent neurons, see Table 2 ). ‫‪p‬ءءء‬ Ͻ 0.001; two-tailed t test between the corresponding WT and KO groups. D, E, Input/output plots of the spike frequency in response to incremental depolarizing current injections in small IB4 Ϫ (D) and small IB4 ϩ (E) dural afferent neurons from WT and KO mice (same neurons as in B). ##p Ͻ 0.01; two-way RM ANOVA. ‫ء‬p Ͻ 0.05, ‫‪p‬ءء‬ Ͻ 0.01, ‫‪p‬ءءء‬ Ͻ 0.001; two-tailed t test between the corresponding WT and KO groups. F, The density of Iba1 ϩ macrophages in WT and KO TG (n ϭ 3 mice in each group). G, The mean area of individual Iba1 ϩ macrophages in WT and KO TG (same mice as in F). H, The area of Iba1 ϩ macrophages per mm 2 TG in WT and KO mice (same mice as in F). I, Cumulative distributions of the cross-sectional areas of FG ϩ dural afferent neurons in WT and KO mice (n ϭ 3627 and 3332 FG ϩ neurons pooled from 4 WT and 4 KO mice, respectively). level in either WT or KO mice (Fig. 9A-D, vehicle groups) . In WT mice, dural application of 20 l IScap, which contained capsaicin and a mixture of inflammatory mediators, elicited more robust V1-directed wiping and scratching than vehicle treatment (Fig. 9A-D, black bars) . Our previous study suggests that dural IScap-induced behavior are mechanistically related to the ongoing headache in humans, as they can be reduced to the control level by pretreatment of mice with anti-migraine drugs (Huang et al., 2016) . Both the number (Fig. 9A,B ) and the duration (Fig. 9C,D) of V1-directed behaviors were significantly higher in TRESK KO mice than in WT mice regardless of sex, indicating that loss of TRESK renders both male and female mice hyper-responsive to stimuli that evoke headache-related behaviors.
We went on to ask whether loss of TRESK alters the likelihood to develop headache-related behaviors in mice. To increase statistical power, we combined data from male and female mice and normalized the duration of vehicle-or IScap-induced behavior to the baseline values in individual mice (Fig. 9E) . Because WT and KO mice responded similarly to vehicle application, we used all vehicle-treated mice as the reference population to calculate the Z-score (the number of SDs from the mean of all vehicle-treated mice) of each IScap-treated mouse (Fig. 9F) . When we used Z Ͼ 2 as the threshold, Ͻ40% (8 of 22) of WT mice met the criteria as IScap responders (i.e. the duration of IScap-induced behavior was longer than the mean ϩ 2 SD of the duration of vehicle-induced behavior), whereas Ͼ80% (15 of 18) TRESK KO mice were responders (Fig. 9G) . Using a less stringent criteria (Z Ͼ 1), all KO mice responded to dural IScap but Ͻ60% of WT mice could be classified as responders (Fig. 9G) . Collectively, these data suggest that loss of TRESK increases both the likelihood and the magnitude of headache-related behavior in response to IScap-evoked activation of the trigeminovascular pathway.
Genetic loss of TRESK does not alter the excitability of DRG neurons or the behavioral responses to noxious stimuli on the hindpaw and in visceral tissues
Having established that genetic loss of TRESK selectively increases the excitability of TG nociceptors and small IB4
Ϫ dural afferent neurons, we proceeded to investigate whether the excitability of small-diameter DRG neurons were altered in TRESK KO mice. As in TG neurons, 30 M of lamotrigine blocked 20 -30% of persistent outward currents in every adult WT DRG neurons that we recorded but had no significant effect on currents in KO DRG neurons (Fig. 10A) . Surprisingly, the size of total persistent outward current remained comparable between WT and KO DRG neurons (Fig. 10B) , suggesting that genetic loss of endogenous TRESK current is fully compensated in DRG neurons. Consequently, in either small IB4 Ϫ or small IB4 ϩ DRG subpopulation, WT and KO neurons exhibit similar R in , rheobase, spike frequency as well as other passive and active electrophysiological properties ( Fig. 10C-F ; Table 3 ). Together, we conclude that the impact of genetic loss of TRESK on total persistent outward currents and PAN excitability is cell-typespecific and is not determined by its expression pattern.
Our findings contradict with a previous study reporting a mild reduction of persistent outward currents and AP rheobase in DRG neurons from homozygous mice carrying a missense mutation that renders the TRESK channel nonfunctional (Dobler et al., 2007) . Several differences between the two studies may contribute to the discrepancy. First, the persistent outward currents in DRG neurons may be compensated in the absence of TRESK protein but not in the presence of nonfunctional TRESK channels (Rossi et al., 2015) . Unfortunately, it is not clear whether the mutation affects the expression level of TRESK subunits, the efficiency of dimerization, and/or the number of channels on the plasma membrane. Second, given that the rheobase of small IB4 Ϫ and IB4 ϩ DRG neurons differs significantly even in WT DRG neurons (Fig.  10C) , including all DRG neurons into one experimental group as in the previous study makes it difficult to interpret the results. Last, it is possible that results differ based on the duration of neurons are maintained in vitro. We recorded DRG neurons between 2 and 4 DIV, whereas in earlier work neurons were recorded between 11 and 14 DIV. It is reported that WT DRG neurons cultured for 5 DIV exhibit altered K ϩ channel expression and excitability (Martinez-Espinosa et al., 2015; Dawes et al., 2018) .
We went on to investigate how TRESK KO mice respond to noxious stimuli on the hindpaw. Consistent with the results from DRG neurons in vitro, we found no difference between WT and KO mice in their responses to thermal and cooling stimuli to the hindpaw, regardless of sex ( Fig. 11A-C) . The 50% withdrawal threshold to von Frey filaments on the hindpaw was also comparable between WT and KO mice (Fig. 11D) . Two previous studies reported that TRESK KO mice exhibited shorter response latency on a hot plate and a reduction of hindpaw mechanical threshold when housed individually (Chae et al., 2010; Castellanos et al., 2017) . To verify our results, we compared the thermal responses between the grouphoused WT and KO mice to 55°C hot plate as well as to radiant heat. In both assays, there was no difference between WT and KO mice in the latency to respond to heat stimuli (Fig. 11A,B) . Likewise, another experimenter tested a separate cohort of WT and KO littermates for the 50% withdrawal threshold to von Frey filaments on the hindpaw and saw no difference between the groups (data not shown). In addition, WT and KO mice showed similar duration of licking in response to hindpaw injection of capsaicin (Fig. 11E ). Last, we tested the mice in a model of acute inflammatory visceral pain. The number of abdominal stretches evoked by intraperitoneal injections of dilute acetic acid did not differ in the WT and KO mice Table 3 ). E, F, Input/output plots of the spike frequency in response to incremental depolarizing current injections in small IB4 Ϫ (E) and small IB4 ϩ (F) DRG neurons from WT and KO mice (same neurons as in C). (Fig. 11F) . We conclude that genetic loss of TRESK does not alter the behavioral responses to noxious stimuli on the body and viscera in male and female mice regardless of the stimulus modality. This is consistent with the finding that loss of TRESK does not affect the intrinsic excitability of DRG neurons.
Discussion
In this study, we investigated how genetic loss of TRESK affects PAN excitability and nociception. Consistent with previous work (Dobler et al., 2007; Yoo et al., 2009; Lafrenière et al., 2010; Kollert et al., 2015) , we found that functional TRESK channels are present in all WT PANs. Loss of TRESK decreases the persistent outward current in all TG neurons. In small IB4 Ϫ TG nociceptors, this results in higher R in , lower rheobase, and increase in spike frequency, indicating that endogenous TRESK is activated around V rest and during the weak depolarizations before AP initiation to reduce the membrane resistance and increase outward currents, thereby serving as a brake to oppose membrane depolarization and limit AP firing. Importantly, we observed sAPs at V rest in 10% of KO neurons but not in any of the WT neurons. Numerous studies indicate that ongoing activity of PANs maintains the "spontaneous" pain under pathologic conditions (Gracely et al., 1992; Baron et al., 2013; Haroutounian et al., 2014) . Our data suggest that TRESK dysfunction may contribute to the spontaneous pain resulting from the ongoing activity in small IB4 Ϫ TG nociceptors (Odem et al., 2018) .
In small IB4 ϩ TG neurons, loss of TRESK leads to a small reduction of rheobase, with no changes in spike frequency and no sAPs, indicating a limited role of TRESK in regulating the excitability of these neurons. This is in line with earlier studies identifying another K 2P channel TREK2 as well as Ca 2ϩ -and Na ϩ -modulated K ϩ channels as the key regulators of the V rest and intrinsic excitability of small IB4 ϩ PANs Acosta et al., 2014; Martinez-Espinosa et al., 2015) . In medium-sized TG neurons, although TRESK channels mediate ϳ25% of the persistent outward current at Ϫ25 mV, the TRESK current density around V rest is very small. This may explain why loss of TRESK has no effect on the passive membrane properties or the intrinsic excitability of these neurons at all. Collectively, the present data delineate a cell-typespecific role of TRESK channels in controlling TG neuronal excitability. Despite the presence of functional TRESK in all PANs, genetic loss of TRESK preferentially increases the excitability of small IB4 Ϫ TG nociceptors expressing TRPM8 and likely those that express CGRP as well. Notably, a moderate reduction of TRESK and total persistent outward currents in TRESK HET mice does not affect neuronal excitability, indicating that 50% of endogenous TRESK activity is sufficient to maintain normal intrinsic excitability and to prevent sAPs in TG neurons. A, Licking/jump latency on the 55°C hot plate (n ϭ 5-6 mice in each group). B, Withdrawal latency to radiant heat stimuli on the hindpaw (n ϭ 5-6 mice in each group). C, Withdrawal latency to cold stimuli on the hindpaw (n ϭ 5-12 mice in each group). D, Withdrawal threshold of a mechanical stimulus on the hindpaw (von Frey hair; n ϭ 5-6 mice in each group). The results were verified by another experimenter in a separate cohort of WT and KO littermates. E, Duration of licking the hindpaw after intraplantar injection of 0.3 g capsaicin (in 10 l saline with 1% DMSO, n ϭ 5-6) or (n ϭ 5-6 mice in each group). Vehicle injection induced Ͻ5 s licking in individual mice. F, The number of abdominal stretches produced by intraperitoneal injection of 0.6% acetic acid (n ϭ 6 -8 mice in each group).
Consistent with the in vitro data, we made several key in vivo observations that endogenous TRESK activity regulates trigeminal nociception across various modalities in both male and female mice, with females being more sensitive than males to the loss of TRESK in some aspects of trigeminal nociception. First, the hyper-excitation of small IB4 Ϫ TG neurons, especially those expressing CGRP, likely accounts for the hypersensitivity of KO mice to facial thermal and chemical stimuli . Second, the reduction of rheobase in small IB4 ϩ TG neurons may underlie the hypersensitivity of facial skin to punctate mechanical stimuli in KO mice, as ablation of IB4 ϩ DRG neurons expressing Mrgprd receptor reduces the responses of dorsal horn neurons and increases the withdrawal threshold to mechanical stimuli (Cavanaugh et al., 2009; Zhang et al., 2013) . This also implicates that the responses to punctate mechanical stimuli are likely triggered by the spatial summation of single APs from multiple IB4 ϩ fibers rather than by the temporal summation of multiple APs from the same fiber. Last, the response to acetone-induced cooling of facial skin is more robust in TRESK KO mice, likely resulting from the hyperexcitation of TRPM8-expressing TG neurons (Bautista et al., 2007; Dhaka et al., 2007; Knowlton et al., 2013; Pogorzala et al., 2013) . This indicates that endogenous TRESK, along with other K 2P channels including TREK1, TREK2, and TASK3 (Viana et al., 2002; Madrid et al., 2009; Noël et al., 2009; Vetter et al., 2013; Morenilla-Palao et al., 2014; Pereira et al., 2014) , acts as an excitability brake in TRPM8-expressing neurons to modulate the sensitivity to cooling/cold stimuli.
Most importantly, we found that loss of TRESK increases the excitability of small IB4 Ϫ dural afferent neurons. TRESK KO mice are more responsive to the dural application of IScap, with more robust headache-related behaviors compared with WT controls. This suggests that the endogenous TRESK activity negatively regulates the trigeminovascular pathway and prevents the onset of headache, likely through controlling the excitability of small IB4 Ϫ dural afferent neurons. Future study is warranted to determine whether common migraine triggers precipitate headache episodes through a reduction of TRESK activity in small IB4 Ϫ dural afferent neurons. Although TRESK mRNA is highly expressed in human TG neurons and TRESK mutations are identified in migraine patients (Lafrenière et al., 2010; Andres-Enguix et al., 2012; Rainero et al., 2014; Flegel et al., 2015; LaPaglia et al., 2018) , the causal relationship between TRESK function and migraine susceptibility is not established. A recent study reports that expression of migraineassociated dominant-negative TRESK subunits does not alter the excitability of small TG neurons (Royal et al., 2019) . It is suggested that the dysfunction of K 2P TREK1/2 channels, and not of TRESK alone, contributes to the increase in TG neuronal excitability and alters the pain processing in migraine patients with frameshift TRESK mutations (Royal et al., 2019) . Unfortunately, to what extent mutant TRESK subunits affect the TRESK current, the total persistent outward current and the excitability of dural afferent neurons are not shown. More importantly, including all small TG neurons into one group may mask the effects of mutant subunits on the excitability of TG subpopulation(s), as indicated by our results. We also find that a mild reduction of TRESK activity does not alter the excitability of TG neurons. That said, what we have observed in TRESK KO mice strongly suggest that a profound reduction of TRESK activity will significantly increase the excitability of small IB4 Ϫ dural afferent neurons and enhance the activation of the trigeminovascular pathway, leading to a higher susceptibility to headache episodes.
Unlike TG neurons, DRG neurons fully compensate for the genetic loss of TRESK, showing no changes of total persistent outward current or the intrinsic excitability. This likely results from the upregulation of other K ϩ channels that are active at V rest . A comparison of the transcriptomes from mouse TG and DRG neurons reveals that, despite being overwhelmingly similar, 15 Hox family of transcription factors are exclusively expressed in adult DRG neurons (Lopes et al., 2017) . Whether this provides a possible molecular basis for the differential adaptive changes in TRESK KO DRG and TG neurons merits further investigation.
In line with the in vitro results, multiple behavioral tests reveal no difference between WT and TRESK KO mice in their responses to various noxious stimuli on the hindpaw and in viscera. This recapitulates the clinical presentations of human genetic TRESK dysfunction, as dominantnegative TRESK mutations are associated with migraine but not with body or visceral pain in humans. In light of previous reports that TRESK KO mice are hypersensitive to thermal and mechanical stimuli on the hindpaw (Chae et al., 2010; Castellanos et al., 2017) , we verified our results with two thermal nociceptive assays and with mechanical threshold measurements in two cohorts of mice by two experimenters. The discrepancy may arise from differences between genetic background (C57BL/6J versus C57BL/6N, plus the genetic drift in individual colonies), housing conditions (group-housed vs individuallyhoused) and diet composition etc. If this is the case, it will suggest that nature and/or nurture influence how genetic TRESK dysfunction affect body/visceral nociception. Our results suggest that, for some individuals with certain genetic compositions and raised in certain environment, their DRG neurons may tolerate the genetic TRESK dysfunction and maintain normal intrinsic excitability, resulting in normal body/visceral nociception as adults.
Earlier studies clearly indicate that reduction of TRESK activity in adult mice increases the sensitivity to mechanical stimuli on the hindpaw (Bautista et al., 2008; Lennertz et al., 2010; Tulleuda et al., 2011; Zhou et al., 2016) . Our results complement rather than contradict these findings. Together, they suggest the model that DRG neurons can compensate for the loss of TRESK during development but not the reduction of TRESK activity in adulthood. Admittedly, our findings in the TRESK global KO mice do not exclude a role for TRESK outside PANs in trigeminal pain regulation. The consistency between the electrophysiology data from PANs in vitro and the results from in vivo behavioral tests strongly suggest that endogenous TRESK regulate trigeminal nociception mainly through controlling the excitability of TG nociceptors.
In conclusion, our study highlights some exquisite differences between TG and DRG neurons in response to ion channel defects. We provide evidence that genetic loss of TRESK in all PANs preferentially increases the excitability of small-diameter TG nociceptors and enhances trigeminal nociception. Importantly, our results indicate that genetic loss of TRESK significantly increases the likelihood of developing headache. This establishes a foundation for further elucidating the unique molecular and cellular basis of trigeminal pain, especially migraine headache.
